Introduction {#S1}
============

Pluripotent stem cells (PSCs), including embryonic and induced pluripotent stem cells (ESCs and iPSCs, respectively), are unique for their unlimited self-renewal and ability to differentiate into any cell of the three germ layers. These potentials could revolutionize the fields of disease modeling and regenerative medicine. Conventional PSC expansion methods, including feeder layers and the addition of growth factors to feeder-free culture, have been shown to maintain the undifferentiated state of PSCs efficiently. However, using feeder layers to expand human PSCs (hPSCs) is limited by concerns of transmission of animal pathogens and immunogens for clinical applications ([@B100]) and are laborious to work with, having to culture two types of cells. Additionally, both methods can be irreproducible due to the poorly defined xenogenic culture conditions. Although xeno-free and defined media for hPSC expansion ([@B23]; [@B13]; [@B106]) are available, such media are expensive to scale-up for clinical use ([@B25]). Thus, much research has gone into novel methods that can improve hPSC expansion such as using mechanobiological principles, including surface topography, stiffness and surface modification. Mechanobiological principles have shown promises in reducing or replacing the need for biochemical growth factors in PSC culture ([@B45]; [@B10]). For example, the transforming growth factor-beta (TGF-β) pathway, which is essential to maintaining hPSC pluripotency ([@B47]), can be activated by mechanotransduction, eliminating the need for supplementing TGF-β ([@B35]; [@B86]). Use of the synthetic PSC niche is motivated by their low cost and high availability ([@B19]; [@B36]). This review will focus on two types of emerging methods for improving PSC expansion: (1) two-dimensional (2D) methods that employ mechanobiological principles (e.g. topography and stiffness) and (2) three-dimensional (3D) methods of expansion including use of encapsulation, microcarriers, and suspension. [Figure 1](#F1){ref-type="fig"} summarizes both conventional and emerging strategies for enhancing PSC expansion.

![Illustration summarizing conventional methods of PSC expansion as well as mechanobiological strategies and emerging 3D methods for enhancing PSC expansion.](fcell-08-00070-g001){#F1}

As the field is not yet mature, the majority of studies have used mouse models as groundwork for human PSC studies. It is noteworthy, however, that results are not necessarily consistent between the two species due to differences in pathways associated with maintenance and the state of pluripotency of the cell. Mouse ESCs (mESCs) are in the naïve state of pluripotency, in which there has been no lineage specification ([@B107]); while hPSCs are in the primed state of pluripotency after isolation from the blastocyte ([@B44]), though generation of naïve hPSCs has been recently achieved ([@B110]; [@B105]; [@B62]) with much of the knowledge gained from studying mESCs. Although the overall goal for improvement of PSC expansion, we will discuss mPSC studies in addition to hPSC studies to highlight the importance of mechanobiology in regulating PSC fate as most work in mechanobiology relating to PSC expansion has been done in mouse PSCs (mPSCs). Due to the differences in pluripotency states, the numerous differences in patterns of pluripotency-associated gene expression, morphology, culture requirements, differentiation behavior and molecular profiles will determine different expansion methods for mPSCs and hPSCs ([@B76]; [@B31]). We suggest an excellent review by [@B31] for a comprehensive understanding of the differences and significances of mouse and human pluripotency.

Conventional Methods of PSC Expansion {#S2}
=====================================

PSCs are commonly cultured using feeder layers or feeder-free systems ([Table 1](#T1){ref-type="table"}) that require the use of a biological matrix supplemented with chemical growth factors. Feeder layers consist of cells that create and maintain the stem cell niche required for expanding and maintaining the pluripotency of PSCs ([@B50]). Feeder cells provide the biochemical factors required by PSCs for self-renewal and proliferation, along with biophysical cues, including topography and stiffness ([@B65]). We suggest a comprehensive review on feeder layers by [@B64].

###### 

A summary of conventional methods of PSC expansion with their advantages and limitations.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Method                                          Description                                                                                                                                                                                                                                                                                                                                                                   Advantages              Limitations
  ----------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------- --------------------------------------------------------------------------------------
  Mouse embryonic fibroblast (MEF) Feeder Layer   Uses mitotically inactivated MEF cells, treated with gamma irradiation or mitomycin C ([@B29]), such as SNL and STO lines\                                                                                                                                                                                                                                                    Commonly used\          Xenogenic\
                                                  The most traditional method of maintaining and expanding PSC; used by [@B51] for the first mouse embryonic stem cell (mESC) culture, and then by [@B97] for the first human embryonic stem cell (hESC) culture as well as in [@B96] for the first induced pluripotent stem cell (iPSC) culture and in [@B95] and [@B108] for the first human iPSC (hiPSC) cultures            Inexpensive\            Difficult to scale up expansion into 3D\
                                                                                                                                                                                                                                                                                                                                                                                                                                Well-documented         Laborious\
                                                                                                                                                                                                                                                                                                                                                                                                                                                        Two cultures\
                                                                                                                                                                                                                                                                                                                                                                                                                                                        Undefined components\
                                                                                                                                                                                                                                                                                                                                                                                                                                                        Batch to batch variation ([@B5])

  Human feeder layer                              Uses human cells, such as fetal fibroblasts ([@B84]), adult fallopian tube epithelial cells ([@B84]), foreskin fibroblasts ([@B42]; [@B6]; [@B104]), and autologous dermal fibroblasts ([@B94]), to create and maintain the stem cell niche by providing the biochemical growth factors and biophysical cues required for expanding and maintaining the pluripotency of PSC   Commonly used\          Cannot up-scale expansion into 3D\
                                                                                                                                                                                                                                                                                                                                                                                                                                Inexpensive\            Laborious\
                                                                                                                                                                                                                                                                                                                                                                                                                                Well-documented\        Two cultures\
                                                                                                                                                                                                                                                                                                                                                                                                                                Xeno-free               Chemically undefined\
                                                                                                                                                                                                                                                                                                                                                                                                                                                        Batch to batch variation ([@B5])

  MEF-conditioned media                           Produced by incubating hPSC media (DMEM/F12, Knockout Serum Replacement, L-glutamine, non-essential amino acids, and β-mercaptoethanol) with MEF overnight ([@B99]) or can be purchased commercially\                                                                                                                                                                         Feeder free\            Chemically undefined\
                                                  Fibroblast growth factor 2 (FGF2) is added to the media before use                                                                                                                                                                                                                                                                                                            Well-documented         Xenogenic components\
                                                                                                                                                                                                                                                                                                                                                                                                                                                        Batch to batch variation

  Essential 8 media                               Used with a vitronectin coating for a defined culture\                                                                                                                                                                                                                                                                                                                        Xeno-free\              Inconsistent and less robust than mTeSR ([@B40])\
                                                  Only the essential 8 factors for hPSC propagation: DMEM/F12, human insulin, human transferrin, selenium, ascorbic acid, sodium hydrogen carbonate, human recombinant FGF2, and transforming growth factor b (or NODAL) ([@B23])                                                                                                                                               Chemically defined\     More laborious\
                                                                                                                                                                                                                                                                                                                                                                                                                                Feeder free\            Slow growth rates\
                                                                                                                                                                                                                                                                                                                                                                                                                                Less expensive          Higher radical oxygen species (ROS) resulting in increased genotoxic stress ([@B15])

  mTeSR media                                     Currently the most common system used for hPSC expansion\                                                                                                                                                                                                                                                                                                                     Feeder free\            Xenogenic components\
                                                  Typically used with a Matrigel ECM coating\                                                                                                                                                                                                                                                                                                                                   Well-documented\        Not completely defined\
                                                  Contains bovine serum albumin                                                                                                                                                                                                                                                                                                                                                 Easy to use\            Matrigel is undefined and may vary from batch to batch\
                                                                                                                                                                                                                                                                                                                                                                                                                                Less laborious\         Higher radical oxygen species (ROS) resulting in increased genotoxic stress ([@B15])
                                                                                                                                                                                                                                                                                                                                                                                                                                Robust and consistent   

  TeSR-2 media                                    Used with vitronectin or laminin 521 coatings for completely defined, xeno-free culture system                                                                                                                                                                                                                                                                                Xeno-free\              Expensive and costly ([@B23])
                                                                                                                                                                                                                                                                                                                                                                                                                                Feeder free\            
                                                                                                                                                                                                                                                                                                                                                                                                                                Chemically defined\     
                                                                                                                                                                                                                                                                                                                                                                                                                                Well-documented\        
                                                                                                                                                                                                                                                                                                                                                                                                                                Easy to use\            
                                                                                                                                                                                                                                                                                                                                                                                                                                Less laborious          
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The other conventional methods of culturing PSCs involve using ECM components with cell culture media supplemented with growth factors that regulate genes related to pluripotency ([@B91]) -- either to up-regulate promoters of pluripotency or down-regulate inhibitors of pluripotency. The growth factors used depend on the pathways to be regulated, which depend on the cell type. For example, mPSC culture depends on growth factors such as leukemia inhibitory factor (LIF) ([@B89]; [@B103]) to maintain pluripotency, while hPSC maintenance depends on fibroblast growth factor 2 (FGF2) ([@B33]) and Activin A ([@B16]). Despite containing animal-derived products (bovine serum albumin), the most commonly used feeder-free media for hPSC expansion is mTeSR media and is typically used with the animal-derived Matrigel coating.

Xeno-free and chemically defined systems have been developed for PSC expansion. However, their high cost limits its use in large-scale production of PSCs ([@B23]). The most basic xeno-free medium for hPSC expansion is Essential 8 (E8). These media are used with a vitronectin coated culture vessel to make the expansion system completely defined and xeno-free. However, E8's use in hPSC expansion is limited due to inconsistencies and slower growth rates ([@B40]). Therefore, it is worth exploring the use of physical and mechanical cues in PSC maintenance and expansion, which could improve the large-scale xeno-free expansion. We recommend a book chapter ([@B91]) for a comprehensive review of conventional hPSC expansion, a review by [@B30] that compares hPSC expansion media, and a review by [@B39] that summarizes substrates used in hPSC expansion.

Non-Conventional Methods of PSC Expansion {#S3}
=========================================

Due to the limitations of conventional methods PSC expansion, new expansion methods that improve PSC expansion are needed to make progress toward therapeutic use of PSCs. Additionally, these non-conventional methods aim to improve efficiency, reproducibility and cost. For clinical use, current Good Manufacturing Practice (GMP) is an important aspect to consider. However, most mechanobiological studies of PSC expansion have not covered this area yet. We recommend the recent review by [@B17] for a comprehensive review of cGMP for cell therapy and the review by [@B32], which reviews cGMP in hPSC expansion specifically.

Two-Dimensional (2D) Non-conventional Methods {#S3.SS1}
---------------------------------------------

2D methods focus on surface and materials properties of the expansion substrate, which can scale-out expansion in 2D and be implemented into a 3D culture for scaling up expansion. The 2D mechanobiological strategies that have been studied include growth factor immobilization ([@B4]; [@B90]) and micropatterning with proteins ([@B74]; [@B37]) or other ECM molecules ([@B72]), surface chemistry ([@B87]; [@B55]), and nanomaterials including graphene ([@B24]) and carbon nanotubes ([@B3]; [@B81]). However, we will only discuss topographical cues and stiffness in this review.

### Topographical Cues for PSC Expansion {#S3.SS1.SSS1}

Topography plays a key role in determining PSC fate ([@B8], [@B7], [@B9]; [@B21]), including maintaining pluripotency and regulating self-renewal and proliferation. [Table 2](#T2){ref-type="table"} lists examples of studies of micro and nanotopographies on PSC maintenance and expansion. Studies of hPSCs suggest that smaller topographical features promote their undifferentiated state ([@B12]; [@B83]; [@B56]). Using a TopoChip with over 1000 patterns made of tissue culture polystyrene (T), small feature size with high feature density were found to promote hPSC pluripotency best ([@B83]). Comparatively, another study found that nano-pillars and nano-grooves of around 200 nm on polydimethylsiloxane (PDMS) promoted proliferation and maintenance of hiPSCs in feeder-free conditions ([@B56]). A study using nanopillars of 120--360 nm in diameter, found that pillars with diameters 120--170 nm retained the most pluripotency marker expression and had the least amount of colony spreading ([@B12]). Meanwhile, hESCs cultured on vitronectin-coated micro-patterns, binary colloidal crystals of 2 and 5 μm, resulted in improved maintenance of pluripotency ([@B102]), though this study did not involve nano-sized patterns. In contrast, [@B26] compared hESC expansion on 150 nm rough glass surface to expansion on a smooth glass surface and found that Oct4 expression of hESCs was lower on the nanorough surface compared to the smooth surface.

###### 

Summary of examples of studies of human or mouse pluripotent stem cells (hPSCs and mPSCs, respectively) on topographical features and their results.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cell type                                     Feature type                                                                            Size                                                                                       Substrate material and ECM coating                                                                  Media used                                                                               Characterizations performed                                                                                                                                                                                                                                                                         References
  --------------------------------------------- --------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------ --------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------
  Mouse embryonic stem cell (mESC)              Hierarchically structured surfaces\                                                     Micro-nano (MN) (9 μm height, 919 ± 22 nm average surface roughness)\                      2-hydroxyethyl methacrylate-co-ethylene dimethacrylate (HEMA-EDMA) (no coating)\                    Leukemia inhibitory factor\                                                              Colony circularity increased in MN substrates compared to on feeder layers after 4 passages\                                                                                                                                                                                                        [@B46]
                                                Hierarchically structured surfaces\                                                     Nano (68 ± 30 nm average surface roughness)\                                               HEMA-EDMA\                                                                                          (LIF)-containing mESC media\                                                             Western blot showed increased Oct4 and Nanog protein levels after 4 passages\                                                                                                                                                                                                                       
                                                N/A                                                                                     Smooth (2 ± 0.4 nm average surface roughness)                                              (no coating)\                                                                                       LIF-containing mESC media\                                                               Higher percentage of OCT4 + compared to feeder layer control (Immunofluorescent (IF) imaging)\                                                                                                                                                                                                      
                                                                                                                                                                                                                                   HEMA-EDMA\                                                                                          LIF-containing mESC media                                                                Similar number of cells to feeder layer control\                                                                                                                                                                                                                                                    
                                                                                                                                                                                                                                   (no coating)                                                                                                                                                                                 Higher percentage of OCT4 + compared to feeder layer control (IF imaging)\                                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                Fewer cells than on feeder layer control\                                                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                Higher percentage of OCT4 + compared to feeder layer control (IF imaging)\                                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                Fewer cells than on feeder layer control                                                                                                                                                                                                                                                            

                                                Nanotopography                                                                          16 nm\                                                                                     Gold nanoparticles treated with allylamine, acrylic acid or octadiene and coated with fibronectin   mESC media                                                                               16 nm topography showed the lowest mean cell area; significantly less spreading and proliferation From IF imaging, all topographies maintained pluripotency gene expression (Oct4 and Nanog) after 72 h, except when treated with acrylic acid                                                      [@B68]
                                                                                                                                        38 nm\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
                                                                                                                                        68 nm                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

                                                Roughness                                                                               Root-mean square average roughness less than 392 nm                                        Aminated gold nanoparticle layers                                                                   LIF-containing mESC media                                                                Immunocytochemistry (ICC) for Oct4 showed positive in substrates with roughness less than 392 nm\                                                                                                                                                                                                   [@B67]
                                                                                                                                                                                                                                                                                                                                                                                                                                ICC for phalloidin and vinculin showed that nanoroughness supported focal adhesion formation while microroughness decreased focal adhesion formation\                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                MTT proliferation and viability assay showed higher proliferation rates in substrates with roughness less than 392 nm\                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                                                                                Alkaline phosphatase (ALP) activity significantly higher in substrates with roughness less than 392 nm than substrates with roughness greater than 573 nm\                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                Quantitative (q)-PCR showed no significant decrease in Oct4 expression in substrates with roughness less than 392 nm\                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                Reverse transcriptase (RT)-PCR for endoderm, mesoderm and ectoderm markers found in substrates with roughness more than 573 nm                                                                                                                                                                      

                                                Grooves\                                                                                Ridge 5 μm\                                                                                Polyacrylamide hydrogel\                                                                            Mouse embryonic fibroblast\                                                              IF images showed increased pluripotency (Nanog and Oct4) on hexagonal substrates compared to the smooth substrates\                                                                                                                                                                                 [@B66]
                                                Hexagonal\                                                                              Ditch 15 μm\                                                                               functionalized with collagen I                                                                      (MEF)-conditioned media                                                                  Similar colony area on all substrates                                                                                                                                                                                                                                                               
                                                Square pillar                                                                           Depth 5μm\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
                                                                                                                                        Ridge 5 μm\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
                                                                                                                                        side length 15 μm\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
                                                                                                                                        Depth 5μm\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
                                                                                                                                        Side length 10 μm\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
                                                                                                                                        Inter-pillar gap size 10 μm\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
                                                                                                                                        Depth 5 μm                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

                                                Nanofibres                                                                              Fiber diameter 550--750 nm                                                                 Polyethersulfone (PES) and collagen-grafted PES (PES-COL)                                           LIF-containing mESC media                                                                RT-PCR for Oct4 and Nanog significantly higher on PES and PES-COL nanofibers compared to gelatin coated plates\                                                                                                                                                                                     [@B38]
                                                                                                                                                                                                                                                                                                                                                                                                                                MTT proliferation assay showed PES-COL fibers had the significantly highest proliferation though PES fibers still had significantly higher proliferation than on gelatin coated plates\                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                Immunocytochemistry (ICC) for SSEA-1 and Oct4 showed the highest expression and dome shaped morphology in cells cultured on PES-COL fibers though cells on PES fibers still had significantly higher expression than on gelatin coated plates\                                                      
                                                                                                                                                                                                                                                                                                                                                                                                                                ALP assay showed the highest percentage of ALP in cells cultured on PES-COL fibers after 7 passages though cells on PES fibers still had significantly higher expression than cells cultured on gelatin coated plates, which spontaneously differentiated after 1--2 passages                       

                                                Nanofibers                                                                              N/A                                                                                        Polyamide (Ultra-Web) coated with gelatin                                                           LIF-containing mESC media                                                                Colony sizes and proliferation rates of undifferentiated mESC were significantly larger on Ultra-Web substrates than on glass slides\                                                                                                                                                               [@B77]
                                                                                                                                                                                                                                                                                                                                                                                                                                Rac activity was significantly higher in mESC cultured on Ultra-Web while Rho and Cdc42 activity was unchanged; implies that Rac is essential to mESC proliferation on nanofibrous substrates\                                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                                                                mESC cultured on Ultra-Web in the presence of retinoic acid expressed GFAP and Nestin while mESC cultured on Ultra-Web without retinoic did not express GFAP and Nestin; therefore, mESC cultured on Ultra-Web retain their ability to differentiate                                                

                                                Irregular nanopatterns                                                                  7--8 nm                                                                                    Polydimethyl-siloxane (PDMS) coated with poly-D-lysine (PDL)                                        LIF-containing mESC media                                                                Nanopatterned PDMS coated with PDL showed cell attachment and proliferation similar to on tissue culture polystyrene (TCPS) while flat PDMS showed low cell attachment\                                                                                                                             [@B48]
                                                                                                                                                                                                                                                                                                                                                                                                                                ICC and q-RT-PCR showed increased expression of Oct4, Sox2, Nanog and Klf4 in cells cultured on nanopatterned PDMS Flow cytometry showed in cells cultured on nanopatterned PDMS expressed both Oct4 and SSEA-1\                                                                                    
                                                                                                                                                                                                                                                                                                                                                                                                                                Phosphorylation of FAK, Src, JNK, c-Fos, and ERK decreased in cells cultured on nanopatterned PDMS, indicating that LIF and FAK pathways modulate upregulation of self-renewal-associated proteins and the suppression of spontaneous differentiation\                                              
                                                                                                                                                                                                                                                                                                                                                                                                                                mESC were differentiated into the three germ cell lineages; the cells cultured on nanopatterned PDMS had a higher percentage of cells differentiated, thus these cells maintained a higher quality undifferentiated state                                                                           

                                                BioSurface structure assay; 504 different microstructures of square and round pillars   Alternating square and round pillars 1 μm laterally and 2 μm gap spacing                   Silicon coated with 100 nm tantalum oxide layer                                                     mESC media with and without LIF                                                          Circular, well-defined compact colonies\                                                                                                                                                                                                                                                            [@B71]
                                                                                                                                                                                                                                                                                                                                                                                                                                Cells passaged on this pattern produced 1 chimera with 100% germ line offspring and 4 sterile males, which was similar to the cells passaged on feeder layers\                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                                                                Colonies were positive for Oct3/4 and Nanog                                                                                                                                                                                                                                                         

                                                Spheres                                                                                 400 nm                                                                                     Silica coated with collagen I                                                                       LIF-containing mESC media                                                                Semi-quantitative PCR showed up-regulation of pluripotency markers and down-regulation of endoderm markers compared to on glass and in embryoid bodies\                                                                                                                                             [@B49]
                                                                                                                                                                                                                                                                                                                                                                                                                                Light interferometry showed reduced cell spreading on the silica spheres compared to on glass\                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                                                                Scanning electron microscopy (SEM) formed rounder, more spherical colonies than on cover slips                                                                                                                                                                                                      

  Human embryonic stem cell (hESC)              Multi-architectural (MARC) chip; consists of gratings, pillars and holes                2 μm grating, 2 μm height, 2 μm spacing\                                                   PDMS coated with Matrigel\                                                                          mTeSR1 medium Unconditioned hESC medium without supplements                              ICC for Nanog showed maintained high levels of the pluripotency marker Nanog but low levels of Nestin\                                                                                                                                                                                              [@B8]
                                                                                                                                        2 μm grating, 120 nm height, 1 μm spacing\                                                 PDMS coated with laminin                                                                                                                                                                     ICC for Oct4 showed decreased Oct4 expression in 2 μm and 1 μm gratings, while the 250 nm gratings, 1 μm pillars and 2 μm holes had higher levels of Oct4                                                                                                                                           
                                                                                                                                        1 μm grating, 80 nm height, 2 μm spacing\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
                                                                                                                                        250 nm grating, 250 nm height, 250 nm spacing\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
                                                                                                                                        1 μm pillar, 6.5 μm pitch, 1 μm height\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
                                                                                                                                        2 μm holes, 12 μm pitch, 2 μm height                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

                                                Binary colloidal crystals                                                               2 μm silica particles and 0.11 μm PMMA\                                                    Silica and polymethyl methacrylate (PMMA) with vitronectin coating                                  Essential 8 (E8) media                                                                   ICC showed that both surfaces of interest were positive for pluripotency markers Tra-1-60 and Oct4 Cells culture on the substrates of interest without a vitronectin coating were not maintained                                                                                                    [@B102]
                                                                                                                                        5 μm silica particles and 0.4 μm PMMA                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

                                                Nanopillars                                                                             120--360 nm with 400 nm spacing                                                            Polystyrene (PS) coated with gelatin                                                                hESC medium supplemented with 10 mM rho kinase (ROCK) inhibitor (removed after 2 days)   SEM images showed circular colony morphology on all pattern sizes, however, on the area with patterns 120--170 nm in size, there were less focal adhesions formed and less spreading\                                                                                                               [@B12]
                                                                                                                                                                                                                                                                                                                                                                                                                                ICC showed that patterns from 120 to 170 nm had the highest population of Oct4 + and SSEA4 + cells (93%) compared to on 170--190 nm patterns (79%) and 290--360 nm patterns (82%), though all were higher than on the flat control (53%)\                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                qPCR showed increased pluripotency marker (Oct4, Sox2, Nanog) expression in 120--290 nm sized pillar areas compared to the flat control; however, the 120--70 nm pillars had the significantly highest expression                                                                                   

                                                Microfiber                                                                              1.3 μm ± 0.25 μm fiber diameter                                                            Polyurethane plasma treated with argon, hydrogen or oxygen                                          DEF-CS culture system (Cellectis)                                                        ICC showed a large percentage of cells was Oct4 positive, showing retained pluripotency\                                                                                                                                                                                                            [@B109]
                                                                                                                                                                                                                                                                                                                                                                                                                                On randomly oriented fibers, all plasma treatments dramatically improved the expansion capability, as compared to the native fibers; increase in expansion was 7-fold for Ar fibers, 5-fold for H~2~ fibers and 4-fold for O~2~ fibers                                                              

  Human induced pluripotent stem cell (hiPSC)   Nanoroughness Smooth                                                                    Root-mean square average roughness 150 nm Root-mean square average roughness 1 nm          Glass coated with vitronectin                                                                       Human-Cell-Conditioned Medium (hCCM) with fibroblast growth factor 2 (FGF2)              hESCs adhered better to the smooth surface; a highly branched, filopodia-rich morphology of single hESCs was observed on the smooth surface compared to the more compact cells with few, short cytoplasmic extensions on the nano-rough surface using SEM                                           

                                                                                                                                                                                                                                                                                                                                                                                                                                Oct3/4 expression was significantly better on the smooth surface (93%) compared to the rough surface (41%)\                                                                                                                                                                                         [@B26]
                                                                                                                                                                                                                                                                                                                                                                                                                                On smooth glass focal adhesions formed on the periphery of Oct3/4 + cells with less spreading while on nanorough glass the focal adhesions formed randomly throughout the colony with more spreading                                                                                                

                                                Groove-ridge structures                                                                 200 nm height with 340, 650, and 1400 nm periodicity; height ∼70 nm                        PDMS or polyimide (PI) coated with vitronectin                                                      E8                                                                                       Grooves with periodicity of 650and 1400 nm resulted in significant colony elongation compared to the control\                                                                                                                                                                                       [@B1]
                                                                                                                                                                                                                                                                                                                                                                                                                                qPCR showed a significant decrease in Oct4 expression in cells cultured on the PI 650 nm grooves compared to the flat PI\                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                Upon bone morphogenetic protein (BMP) 4 stimulation, YAP reveals nuclear localization at the rim, whereas it is cytoplasmic at the center of differentiating iPSC colonies\                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                                                                TAZ (a YAP paralog) strongly co-localizes with actin filaments and cell-material adhesion sites in iPSCs                                                                                                                                                                                            

                                                TopoChip (2176 patterns made of circles, rectangles and triangles)                      Various, 10 μm height for all                                                              TCPS                                                                                                E8 with ROCK inhibitor                                                                   100 topographies were ranked top or bottom on the basis of number of Oct4 + cells at 24 h\                                                                                                                                                                                                          [@B83]
                                                                                                                                                                                                                                                                                                                                                                                                                                After 4 days, the top 100 topographies supported formation of extensive colonies of undifferentiated iPSC that expressed Oct4 and Sox2\                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                At 24 h patterns with the greatest number of cells also had the greatest number of EdU + cells and Oct4 + cells, indicating that they supported self-renewal and prevented differentiation of iPSCs\                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                Computational analysis showed that small feature size and high feature density were most important in determining pluripotency                                                                                                                                                                      

                                                Irregular patterned nanofeatures Grooves Pillars                                        \< 1 μm 100 nm width, 300 nm depth, 300 nm separation 300 nm diameter, 100 nm separation   PDMS coated with PLO and fibronectin                                                                mTeSR1 medium supplemented with 10 mM ROCK inhibitor (removed after 2 days)              a-actinin expression was significantly greater in grooves and pillars than in flat and irregularly patterned surfaces at P6 and P10\                                                                                                                                                                [@B56]
                                                                                                                                                                                                                                                                                                                                                                                                                                Gene and protein expression of FAK did not change during passaging, except for an increase on grooves and pillars at P6.\                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                Ki67 (cell proliferation marker) significantly increased on grooves and pillars compared to on irregular nanofeatures and smooth surfaces\                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                ICC for Nanog and Oct3/4 significantly increased on grooves and pillars compared to PSCs on irregular nanofeatures and smooth surfaces\                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                SEM images showed that cells on grooves and pillars had fewer filopedia and more globular appearance than cells on irregular nanopatterns and smooth surfaces                                                                                                                                       

  hESC and hiPSC                                Nanofiber                                                                               270 nm fiber diameter, density 4.6 μg/cm^2^                                                Gelatin                                                                                             mTeSR1 medium                                                                            After 20 passages, cells grown on nanofibers continued expressed pluripotency markers Oct4, Nanog and Sox2 but not differentiation markers Pax6, Brachyury, and Afp; expression similar to cells cultured on Matrigel\                                                                              [@B63]
                                                                                                                                                                                                                                                                                                                                                                                                                                Flow cytometry showed high percentage of SSEA-4 + cells after being cultured on nanofibers\                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                                                                qPCR of all genes (84) in the integrin family were analyzed; integrin expression did not change between culture conditions -- both on nanofibers and on Matrigel -- and had high levels of α5, α6, α7, αv, β1, and β5 and low expression of a8, which was high in cells cultured on flat gelatin\   
                                                                                                                                                                                                                                                                                                                                                                                                                                *In vitro* embryoid body formation and *in vivo* teratoma formation was performed and cells cultured on the nanofibers were able to differentiate into cells of all three germ layers                                                                                                               
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

While topography undoubtedly contributes significantly to PSC maintenance, a common consensus on which topographies are the most important for PSC maintenance has not been reached. Studies have implied that surface topography alone cannot maintain pluripotency ([@B8]; [@B1]; [@B102]). Interestingly, in studies of mPSCs and hPSCs, it was hypothesized that topography affects focal adhesion formation, which affects colony morphology and stem cell fate. Colonies with retained pluripotency and compact, circular morphology on patterned areas showed significantly fewer focal adhesions compared to the colonies that spread out and grew in irregular shapes on flat surfaces ([@B48]; [@B49]; [@B12]; [@B56]; [@B68]). Surface topography may prevent focal adhesion formation, which reduces spreading and leads to the compact, circular colonies associated with preserved pluripotency ([@B38]; [@B48]; [@B49]; [@B57]; [@B12]; [@B56]). It has also been hypothesized that topography affects ECM protein adsorption, affecting the cell adhesion, proliferation and morphology, thus synergistically maintaining PSCs ([@B109]; [@B68]).

### Stiffness of Substrate on PSC Expansion {#S3.SS1.SSS2}

Substrate stiffness plays a significant role in controlling cellular behavior and stem cell fate. Synthetic biomaterials, including hydrogels, are useful tools for studying the effects of stiffness. Hydrogels can be modified to have different stiffness, depending on the molecular weight or concentration of polymer, and the crosslinking density ([@B20]), which depends on crosslinker concentration and crosslinking time. Polyacrylamide (PA) hydrogels ([@B79]; [@B73]) and polydimethylsiloxane (PDMS) ([@B34]; [@B92]), with large tunable ranges of stiffness are examples used for studying the impact of stiffness on PSCs.

Mouse ESCs were cultured on PDMS substrates with varying stiffness and showed increased cell spreading and proliferation with increasing substrate stiffness (0.041--2.7 MPa) along with increased differentiation ([@B34]). Similarly, mESCs cultured on a stiff poly-L-lysine/hyaluronic acid (PLL/HA) hydrogel film showed increased cell adhesion and proliferation, while weak cell adhesion, and round colonies retaining pluripotency were observed on the softer PLL/HA films ([@B18]). Soft PA substrates maintained mESC pluripotency better than stiff substrates including TCPS ([@B27]). When cultured on substrates similar to mESC intrinsic stiffness (0.5--0.6 kPa), mESCs had improved self-renewal and retention of pluripotency, thus proposing stiffness matching as a method for maintaining mESCs ([@B28]). Later, mESCs cultured on PA hydrogels of varying stiffness preserved their pluripotency regardless of the surface topography, with increased Oct4 and Nanog expression on all soft substrates compared to the stiff substrates; topography only influenced pluripotency on cells cultured on stiff substrates ([@B66]).

The effects of stiffness observed in mESCs are not translated to hPSCs. There is limited consensus on the effects of stiffness, with some groups finding little to no influence of stiffness on pluripotency ([@B52]; [@B70]; [@B82]; [@B80]) and others finding the opposite ([@B75]; [@B92]; [@B54]; [@B93]). Nonetheless, observations made by several groups imply that stiffer substrates are more suitable for hPSC expansion. Using PDMS with effective moduli of 1.92 kPa (soft), 14.22 kPa (medium rigid), and 1218.4 kPa (rigid), hESC cytoskeleton contractility was found to increase with matrix rigidity along with maintained pluripotency ([@B92]). Consistent with these findings, hESCs and hiPSCs, cultured on PA hydrogels functionalized with a glucosaminoglycan binding peptide, attached better and formed more spread out and robust colonies on substrates coated with and without a Matrigel coating ([@B75]). The stiffest substrates (10 kPa) were found to support hESC expansion in five different hESC lines, with high levels of YAP/TAZ nuclear localization, an indicator of pluripotency. Later studies also found that YAP/TAZ nuclear localization decreases in soft substrates ([@B80]; [@B59]). Although YAP/TAZ nuclear localization decreased in soft substrates, pluripotency marker expression remained similar between soft and stiff substrates with higher proliferation in stiff substrates ([@B80]). Similarly, as substrate stiffness increased, cell proliferation increased, and substrate stiffness has an inverse relationship with spontaneous differentiation ([@B70]). Ligand density also affects how cells respond to their substrate stiffness; with the right number of functional groups, soft materials can support hPSC attachment proliferation and self-renewal similar to that of a stiff hydrogel ([@B59]). Despite the inconclusiveness of exactly how substrate stiffness affects hPSC behavior, especially as material choice also affects pluripotency and the absolute stiffness required for PSC culture, it is clear that stiffer substrates are more suitable for hPSC expansion in contrast with softer substrates for mPSC expansion.

Three-Dimensional (3D) Methods of PSC Expansion {#S3.SS2}
-----------------------------------------------

Recently, 3D methods of stem cell culture have gained traction due to the need for scalable stem cell expansion to obtain therapeutically relevant number of cells. 3D cell culture methods offer the opportunity to significantly scale-up the expansion of hPSCs. The 3D methods of PSC culture are divided into three categories: (i) PSC encapsulation in hydrogels, (ii) microcarrier-based 3D PSC culture, and (iii) PSC suspension culture.

A growing body of literature suggests that 3D cell culture systems recapitulate the *in vivo* microenvironment of cells that could help to improve stem cells expansion. In a landmark study of PSC encapsulation, a defined and scalable 3D cell encapsulation system in a thermo-responsive hydrogel was developed for hPSC expansion and differentiation; it also enabled efficient retrieval of the cells from the hydrogels following expansion, without using the cell dissociation enzymes ([@B60]). The cells expanded ∼80-fold in 3D culture compared to ∼9-fold expansion in 2D over 15 days. Cumulatively, 3D cell culture led to 10^72^-fold expansion over 60 passages ([@B60]). PSCs are mechanosensitive as previously discussed; however, the role of biophysical signals and cell-matrix interactions in the context of 3D PSC expansion was not investigated. Scaffolds used for 3D expansion of PSCs should provide a balance between cell--cell contact and cell--matrix interactions ([@B61]). An alginate-based hydrogel with tethered polypeptides comprising of a cell-binding sequence of E-cadherin for 3D PSC expansion has shown to improve the proliferation rate of PSCs without compromising pluripotency marker expression resulting in up to 23-fold higher expansion in HAV10 peptide conjugated gels ([@B14]). Matrix degradability and remodeling by encapsulated PSCs are other parameters that affect PSC fate. Encapsulated PSCs are known to remodel their environment during proliferation and differentiation ([@B53]; [@B69]). However, the capacity of PSCs to remodel the environment and their effect on the pluripotency related markers are poorly understood. This should be studied in greater detail to design more informed and tailor-made 3D scaffolds for enhanced stem cell expansion.

Microcarrier-based systems are another method for PSC expansion, which combine 2D cell adhesion in microcarriers with a 3D configuration of the bioreactor system to expand the area available for PSC expansion. Microcarriers act as supporting substrates for adherent cell culture with a diameter varying from 10 μm up to 5 mm ([@B58]). The major benefit of using microcarriers is their capacity to provide large surface areas for cell growth while being compatible with adherent cell culture systems. Cells can form a confluent layer around the microporous microcarrier; while in macroporous microcarriers, they are entrapped inside the pores of the microcarriers ([@B11]). Factors including the type of materials used to fabricate the microcarriers, the shape of the microcarrier, and the type of ECM coating used for cell adhesion influence the yield and pluripotency of the PSC culture in a microcarrier system ([@B22]). For instance, use of matrigel coating led to up to 18-fold higher PSC expansion compared to uncoated microcarriers ([@B22]). Recently, dissolvable microcarriers have been developed, which allow the retrieval of cells without using enzymatic dissociation ([@B11]; [@B88]; [@B85]).

By leveraging the self-aggregation property of PSCs, suspension-based cell culture systems are being developed to improve yield. Such systems promote cell-cell interactions while inhibiting the cell-matrix interactions. Usually, such systems consist of single cell culture in the presence of rho kinase (ROCK) inhibitor ([@B78]; [@B2]), which supports long-term PSC survival in an undifferentiated state. PSCs grow in a monoclonal fashion and form suspended spheroids of varying sizes. Microfabrication technology has been used to further improve the homogeneity of PSC colonies ([@B43]; [@B41]). Optimization of bioreactor hydrodynamic conditions using combinations of static and stirred culture has enabled size-controlled aggregates of hPSCs ([@B2]). Traditionally, the yield of hPSCs is lower compared to mPSCs in suspension bioreactor cultures ([@B62]). Recently, Lipsitz et al. found that the use of naïve hPSCs, as opposed to primed hPSCs, was a critical element for enabling high-yield expansion of PSCs (Over all 25-fold expansion; up to 5.7-fold higher compared to primed hPSCs) in suspension culture ([@B62]). Despite tremendous progress in suspension-based cell culture, more research is needed in maintaining the homogeneity of cell aggregates in scalable suspension culture. Additionally, cells on the surface of the suspension aggregates experience uncontrolled shear stress, which could also lead to heterogeneous cell populations, as shear stress is known to affect stem cell fate ([@B98]; [@B101]).

Conclusion and Future Outlook {#S4}
=============================

Conventional methods of PSC expansion have clear and significant limitations in expansion. For development of large scale, defined and xeno-free PSC expansion systems, research should look toward using approaches with mechanobiological principles and 3D strategies for enhancing cell pluripotency retention and proliferation to improve current xeno-free expansion systems. Despite great progress in these fields, studying each physical cue in isolation is difficult as they are interconnected. It is challenging to draw conclusions regarding the effects of topography and stiffness due to many variations in study parameters, while 3D culture systems have much to be optimized. Nonetheless, these non-conventional methods have shown to improve PSC yield in xeno-free systems and thus should continue to be studied. Additionally, studies suggest that mechanobiological cues used with current PSC culture methods can enhance current PSC culture methods. The knowledge obtained in organoid cultures, mechanobiology, new advances in microfabrication and stimulus-responsive materials could contribute to future development of non-conventional systems for scaling up PSC expansion and revolutionize the field of regenerative medicine.
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